Microplastics are omnipresent in the marine environment and sediments are hypothesized to be major sinks of these plastics. Here, over 100 articles spanning the last 50 year are reviewed with following objectives: (i) to evaluate current microplastic extraction techniques, (ii) to discuss the occurrence and worldwide distribution of microplastics in sediments, and (iii) to make a comprehensive assessment of the possible adverse effects of this type of pollution to marine organisms. Based on this review we propose future research needs and conclude that there is a clear need for a standardized techniques, unified reporting units and more realistic effect assessments.
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INTRODUCTION 45
Plastic has changed the way we live. It possesses a unique set of properties making it extremely 46 popular for use in everyday life: it can be used at a wide range of temperatures, has low thermal 47 M A N U S C R I P T After sampling, either from beach sediments or the seabed, different approaches can be used to 192 separate the microplastic fragments from the sandy or muddy matrix. The most common approach is 193 to extract plastic particles from the sediment using a density separation, based on the differences in 194 M A N U S C R I P T
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8 density between plastic and sediment particles. Typically, this is achieved by agitating the sediment 195 sample in concentrated sodium chloride (NaCl) solution, as described by Thompson et al. (2004) . 196 However, as the density of the NaCl solution is only 1.2 g.cm -³, only low-density plastics will float to 197 the surface and can hence be extracted. Different authors have addressed this issue by using 198 different salt solutions to obtain higher densities. Liebezeit it is clear that in order to completely understand the distribution of microplastics in the marine 211 environment, a harmonisation and standardisation of techniques and protocols is urgently needed to 212 enhance microplastic research and monitoring. 213
OCCURRENCE OF MICROPLASTICS IN SEDIMENTS 214
The first reports of microplastics associated with sediments date back to the late 1970s. These 215 early observations comprised industrial resin pellets (2 -5 mm) on beaches in New Zealand, Canada, 216
Bermuda, Lebanon and Spain (Gregory, 1977 (Gregory, , 1978 (Gregory, , 1983 Shiber, 1979 Shiber, , 1982 , demonstrating -217 already back then-their worldwide distribution. Even in these first reports, pellet concentrations 218 regularly exceeded 1 000 pellets per metre of beach, with extreme abundances reported from 20 000 219 to 100 000 pellets.m -1 (Gregory, 1978) . Large ports and local plastic industry were considered major 220 sources, while for Bermuda -which lacks such local sources-the influence of oceanic circulation 221 patterns (located in the west of the North Atlantic Gyre) explain the high concentrations. (Gregory, 222 1983 ). Large numbers of beached industrial pellets in association with labelled, intact bags detected 223 on beaches in the United Arabian Emirates and Oman confirmed the importance of local 224 contamination sources (Khordagui and Abu-Hilal, 1994). Ever since these first studies, pellet 225 contamination of beaches worldwide has been reported (Table 1) . For the majority of these studies 226 the main focus was not to assess the occurrence and abundance of these pellets, but rather to 227 M A N U S C R I P T A C C E P T E D eroded pellets exhibited an uneven surface with an increased surface area and polarity, affecting the 237 efficiency of sorption (Fotopoulou and Karapanagioti, 2012) . 238 Due to their easy accessibility, sandy beaches have been the main focus of studies assessing 259 microplastic abundance (over 80% of reviewed abundance studies). The zone sampled, however, 260 differs among studies: while some studies cover entire beach transects (perpendicular to the 261 shoreline), others studied specific littoral zones. ). Consequently, the highest concentrations were encountered in the inner Lagoon 294 which is characterised by lower hydrodynamics and a higher fine particle (< 63 µm) fraction in the 295 sediment. Aggregation with organic matter (i.e. marine snow) was also considered the main route of 
UPTAKE AND EFFECTS IN MARINE ORGANISMS 333
As microplastic abundances in the environment increase, organisms inhabiting marine systems 334 are more likely to encounter these particles. Numerous factors such as size, density, shape, charge, 335 colour, aggregation and abundance of the plastic particles affect their potential bioavailability to a 336 wide range of aquatic organisms (Kach and Ward, 2008; Wright et al., 2013a). The opportunity for 337 encountering or uptake of microplastics by marine organisms is mainly attributed to two key 338 properties of the particles: the size and density. For example, particles with a density higher than 339 that of seawater will become available to benthic suspension and deposit feeders (as they sink to the 340 sea floor). As the size fraction of these microplastics is similar (or even smaller) to the grain sizes of 341 sediments, microplastics can be ingested not only by lower trophic-level organisms which capture 342 almost anything of the appropriate size class, but also by other sediment-dwelling organisms (Moore, Uptake of microplastics by marine biota has both been investigated in organisms living in natural 352 conditions (Table 3) , as well as in laboratory trials (Table 4) trophic transfer of microplastics (0.5 µm and 8 -10 µm, respectively) from mussels (M. edulis) to 381 crab (C. maenas) using pre-exposed mussels. Crabs retained these particles for up to 14 days after 382 ingestion (Watts et al., 2014) . Trophic transfer of microplastics from zooplankton to the crustacean 383 The blue mussel Mytilus edulis is by far the species used most to study microplastics effect 402 studies. Given that M. edulis living in natural habitat takes up microplastics, a number of lab trials 403 have been performed to assess the potential adverse effects of microplastics uptake (Table 4) . These, 404 often, short-term effect assays are typically conducted with a single type and/or size of plastic at 405 particle concentrations much higher than realistic environmental levels. organisms that has been the subject of several microplastic effect assessments is the lugworm 422
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Arenicola marina (Table 4 ). In a short-term exposure (14 days) experiment, lugworms were exposed 423 to sediment spiked with 10 µm, 30 µm and 90 µm PS spheres (total concentration of 100 particles.g The published microplastics effect assessments are typically conducted with only one type or size 451 of plastic (mostly microspheres) at particle concentrations much higher than the environmental 452 levels. Strikingly, all the lab trials are based on short-to mid-term (hours to 28 days) exposure to 453 unrealistically high concentrations. These papers revealed a range of effects exhibited ingestion by a 454 number of species, e.g. decrease of energy reserves, inhibition or reduction of feeding/filtering 455 activity, translocation to the circulatory system, inflammatory response and developmental defects. 456
A few papers observed trophic transfer of microplastics and suggest an impact on the food web. 457
Although more research is needed to determine whether plastics of any dimensions can be 458 transferred through the food chain, translocation effects do suggest that particle size really matters. 459
For evaluating the environmental risk of microplastics knowledge is required on the environmental 460 levels and types of plastic, the translocation size limit and the relevant biological endpoints. Table 1 for additional studies on contaminant assessment on industrial 490 resin pellets). These contaminants have a greater affinity for the plastic matrix than the surrounding 491 seawater leading to an accumulation onto the plastic particle. This accumulation was found to be up 492 to one million times higher in some cases (Hirai et al. the PVC particles and transferred to the animals' tissue, the lugworms accumulated >250% more of 508 these contaminants when exposed to contaminated sand (Browne et al., 2013) . 509
The bioaccumulation of persistent organic pollutants (POPs) has been theoretically investigated 510 that further research on this topic is essential to fully understand the impact of sorbed and plastic-520 associated contaminants on marine organisms, and by extension the entire marine and human food 521 web. So far, studies to assess the transfer of (environmentally relevant concentrations of) chemicals, 522 both pollutants and additives, have not been performed on resident organisms, clearly indicating 523 that this is an area that needs further research. 524
The bacterial threat of marine litter and by extension microplastics arises from the fact that they 525 represent new habitats in the marine environment and, as such, can serve as a substrate for 526 (micro)biological interactions. Microplastics have a hydrophobic surface that stimulates rapid biofilm 527 formation (Zettler, 2013) . So far, conventional microbial identification methodologies require a 528 bacterial cultivation step using a growth medium, has hampered the full characterization of the 529 microbial biofilm due to the 'great plate count anomaly' (Staley, 1985) . This term has been used to 530 describe the fact that the majority (99-99.9%) of cells within an environmental sample are not 531 recoverable in pure culture using classical microbial plating. However, the recent breakthrough of 532 Due to their persistence in nature, (micro)plastics exhibit a longer half life than other marine 536 substrates, creating an interesting habitat for microorganisms. For fouling, microbial biofilm 537 formation is the initial step (Dobretsov, 2010) , while in the consecutive steps so-called epiplastic 538 organism like diatoms, ciliates and a wide variety of other organisms will attach on the formed 539 biofilm (Reisser et al., 2014a) . The formation of these biofilms on microplastics is of concern as they 540 might contain human or animal pathogens that could potentially endanger animal and human health, 541 and impact economic activities. Additionally, the nutritional value of these biofilms might encourage 542 grazing and ingestion of the covered microplastics (Reisser et al., 2014b) . Associated impacts hence 543 include food web effects. sediment microcosm and demonstrated that bacteria in marine sediments rapidly colonise low 557 density polyethylene (LDPE) microplastic fragments (5 mm). As was the case for seawater (Zettler et 558 al., 2013) , the bacterial communities detected on the plastic were significantly different from those 559 in the surrounding sediment. Interestingly, the dominant taxa (Acrobacter and Colwellia spp.) on 560 microplastics from sediments were not found to be present on floating microplastics, indicating that 561 distinct biofilms are likely to occur between different marine habitat types (Harrison et al., 2014) . 562
CONCLUSIONS AND OUTLOOK 563
Important advances have been made with respect to our understanding of the occurrence and 564 impacts of microplastics in marine environment. However, as this research field is rapidly evolving, 565 especially in the last 10 years as is reflected in the exponential growth of peer-reviewed publications, 566 several issues can be identified regarding the nomenclature and classification of microplastics and 567 applied methodologies and techniques. The current lack in standardisation and harmonisation 568 greatly hampers the inter-study comparison and data transfer, not only for reported abundances but 569 also for (measured) effects and impacts. We therefore recommend the implementation of a 570 unequivocal size-based definition for microplastics, based on both upper and lower size limits, and a 571 uniform nomenclature. Also practical issues concerning the assessment of occurrence and effects 572 should be addressed and standardised. Today, a plethora of sampling, extraction and identification 573 techniques are in use. An important point of interest is the harmonisation of extraction techniques. 574
While the majority of extraction techniques are based on the same principle, i.e. density separation, 575 a wide assortment of variations on this principle exist. Some are more efficient in extracting different 576 types of microplastics (i.e. differences in density) than others, but in some cases this comes at an 577 extra cost. It is clear that a standard extraction technique, especially for monitoring purposes, should 578 be adopted by the research and regulatory community. In general, depending on the research 579 question addressed, sampling strategies will differ. Yet, by reporting the complete set of sampling 580 details (i.e. sampling depth, sediment weight or volume, but also sediment density, water content,M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT etc.) differences between sampling techniques can be bypassed, and inter-study comparison 582 facilitated. As such, this proposed harmonisation will assist future, uniform microplastic abundance 583 assessments, and allow science-based geographical comparison and time trend assessments. 584 A general conclusion regarding the assessment of potential (adverse) effects following microplastic 585 uptake in marine organisms concerns the experimental set-up of such experiments. In general, 586 experimental microplastic concentrations are several orders of magnitude higher than current 587 environmental concentrations, and all lab trial exposure periods are short-to mid term. While such 588 approaches are often performed using 'proof of principle' experiments, and deemed necessary to 589 assess the importance of this type of pollution, testing at high, environmentally unrealistic, 590 concentrations does not provide any information on the current adverse effects on or risks to marine 591 ecosystems. Future effect assessments of microplastics should therefore focus on mimicking more 592 'natural' exposure conditions. More specifically, there is a need for more long-term exposure 593 assessments of environmentally relevant concentrations of naturally occurring assemblages of 594 microplastics (i.e. different sizes, shapes and types). 595
The chemical threat of microplastics has been studied elaborately in the past years, raising some 596 concerns. While adverse biological effects have been measured in the lab, some studies suggest 597 (small) microplastics play only a minor part in the total body load of such environmental 598 contaminants in marine organisms. While there is a growing body of literature regarding pollutants 599 on microplastics, additives, or plastic-associated chemicals, are far less studied. Yet, due to the lower 600 concentrations of these additives in the environment, transfer of these chemicals from microplastics 601 to organisms might be more relevant than the sorbed chemicals. However, it is clear that further 602 research on this topic is essential to fully understand the impact of sorbed and plastic-associated 603 contaminants on marine organisms, and by extension the entire marine, and human, food web. 604
A far less researched potential threat of microplastics, is the presence and transfer of (potentially 605 harmful) marine microorganisms associated with these plastics. To date, only limited literature is 606 available on microplastic biofilm characterisation. We need to understand the colonisation dynamics 607 and taxonomic composition (more specifically the presence and transport of pathogens and other 608 harmful species) to properly assess the ecological implications, as these organisms could result in 609 ecological and economical consequences to the marine food webs and human health. 
